Among the genetic abnormalities reported to occur in mucosa-associated lymphoid tissue (MALT) lymphomas, the three translocations t(11;18)(q21;q21), t(1;14)(p22;q32) and t(14;18)(q32;q21) are of particular interest because they appear to be specific for, or at least closely related to this type of B-cell non-Hodgkin's lymphoma. These translocations affect the MALT1 (18q21) and BCL10 (1p22) genes. We retrieved 77 consecutive biopsies of MALT lymphomas (documented with frozen material) over a 10-year period and investigated these cases for the presence of these three translocations with fluorescence in situ hybridisation, along with the immunohistochemical analysis of the intracellular localisation of the BCL10 protein. The above-listed translocations occurred mutually exclusive and were detected in 10, 1 and 3% of the cases, respectively (the latter incidence being much lower than in the previously reported studies by one single group). These genetic rearrangements corresponded well with the aberrant subcellular localisation of the BCL10 protein as found by immunohistochemistry: t(11;18)(q21;q21) and (1;14)(p22;q32) were marked by a, respectively, moderate to strong nuclear BCL10 staining pattern while t(14;18)(q32;q21)-positive MALT lymphomas were characterised by a perinuclear BCL10 staining pattern. This study further supports the close interaction between the MALT1 and BCL10 proteins in the pathogenesis of MALT lymphomas and may indicate that BCL10 immunohistochemistry is a simple technique to identify those MALT lymphoma cases with an underlying genetic aberration. 1 It is characterised by several recurrent chromosomal aberrations including t(1;14)(p22;q32), t(11;18) (q21;q21), t(14;18)(q32;q21), t(3;14)(p13;q32), and by trisomy 3 and 18.
Extranodal marginal zone lymphoma of the mucosaassociated lymphoid tissue (MALT) or MALT lymphoma is listed as a distinct disease entity in the recently published World Health Organisation (WHO) classification of lymphoid tumour. 1 It is characterised by several recurrent chromosomal aberrations including t(1;14)(p22;q32), t(11;18) (q21;q21), t(14;18)(q32;q21), t(3;14)(p13;q32), and by trisomy 3 and 18.
The t(1;14)(p22;q32) results in deregulation of the BCL10 gene after its juxtaposition with the regulatory sequences of the immunoglobulin heavy chain gene cluster (IGH).
2 BCL10 encodes a 32 kDa apoptosis regulatory molecule, characterised by an amino-terminal caspase recruit domain (CARD) motif and a Ser/Thr-rich carboxyl terminus of unknown function. 3 Monoclonal antibodies raised against the BCL10 protein demonstrate cytoplasmic expression of BCL10 in lymphoid tissue and in breast epithelium. 4 In normal lymphoid tissue, BCL10 is expressed exclusively in the cytoplasm of germinal centre and marginal zone B cells. In MALT lymphomas, the BCL10 expression might be observed in the nucleus as well. Nuclear BCL10 expression has been linked to the presence of t(1;14)(p22;q32) or t(11;18)(q21;q21), but the mechanisms of the aberrant nuclear localisation of BCL10 in malignant B cells remain unclear. 5, 6 The MALT1 gene is directly involved in the MALT lymphoma-associated chromosomal translocations t(11;18)(q21;q21) and t(14;18)(q32;q21). The first translocation is the most common structural chromosomal abnormality in gastric MALT lymphoma. 7, 8 It leads to the generation of a fusion protein comprising the three BIR (baculovirus inhibitor of apoptosis protein repeat) domains present in the N-terminus of the API2 protein and a variable part of the MALT1 protein, which always contains the caspase-like p20 domain. 9 The chimeric protein API2-MALT1 effectively activates the NF-kB survival pathway in vitro, but the precise mechanism used to accomplish this activation, as well as the subsequent downstream events that lead to lymphomagenesis, is unknown. The presence of the API2-MALT1 fusion transcript in gastric MALT lymphomas has been linked to resistance to Helicobacter pylori eradication and the absence of transformation to a more aggressive large B-cell lymphoma. 10 Moreover, the t(11;18)(q21;q21) appears as a sole chromosomal aberration. 11 The t(14;18)(q32;q21) was only very recently identified. Similar to t(1;14)(q21;q21), this translocation is mediated by IGH and leads to overexpression of the MALT1 gene. 12, 13 In contrast to t(11;18)(q21;q21)-positive cases, MALT lymphomas marked by t(14;18)(q32;q21) are mainly found outside the gastrointestinal or pulmonary tract, presenting as tumours of the ocular adnexa, skin or salivatory glands. Hypothesis is that this polarisation reflects a different pathogenesis; that is that MALT lymphomas of the salivary and lachrymal glands are often associated with autoimmune disease, whereas those arising in the stomach and lung are linked to an (un)known infectious agent. 13 In the present study, we collected 77 consecutive cases of MALT lymphomas. These cases were investigated for the presence of rearrangements of BCL10 and MALT1 by fluorescence in situ hybridisation (FISH) and for the immunohistochemical expression of the BCL10 protein.
Materials and methods

Case Selection
A total of 91 consecutive cases of extranodal marginal zone lymphomas was collected over a 10-year period in the Department of Pathology (University Hospital of K.U. Leuven, Leuven, Belgium). In 77 cases, both fresh frozen tumour tissue and formalin-or B5-fixed paraffin-embedded blocks were available; only these cases were included in the study. Paraffin-embedded material was used for immunohistochemistry and frozen material for FISH analysis. The frozen samples had been stored at À801C. Among the 77 MALT lymphoma cases, 24 were located in the stomach (14 gastrectomy specimens and 10 endoscopic biopsies), one in the colon (hemicolectomy specimen), seven in the lung (all were lobectomy specimens), three in the nasopharynx, one in the tonsil, 15 in the salivary gland, two in the thyroid gland, 18 in the ocular adnexa, five in the skin and one in the breast. Part of these cases was included in previous studies. 5, 7, 9, [14] [15] [16] [17] Gastric endoscopic biopsies were included in this study on condition that clonal Ig heavy chain rearrangement was demonstrated to support the diagnosis of a MALT lymphoma. All cases were reviewed and diagnosed as extranodal marginal zone lymphomas according to the recent criteria of the WHO. 1 
Immunohistochemistry
Paraffine sections were immunostained for BCL10 (mouse monoclonal anti-human antibody (DakoCytomation, Glosturp, Denmark)). In brief, 4 mm paraffin sections were placed on silanised slides (DakoCytomation), dewaxed in xylene and rehydrated in decreasing concentrations of ethanol. While immersed in citrate buffer (pH 6.0), slides were placed in a calibrated warm water bath (95-991C) for 3 min to perform epitope retrieval. Incubation with the BCL10 antibody (1:40) was carried out overnight at 41C. Staining was performed using the EnVision system (DakoCytomation) according to the manufacturer's recommendations. All incubation steps were followed by a wash in three changes of phosphate-buffered saline (pH 7.6). Two splenic biopsies and three lymph node biopsies without obvious abnormalities were used as control tissues.
Cytogenetics and FISH Analysis
Cytogenetic analysis was performed after an overnight culture of tumour specimen according to standard methods. One to 20 G-banded metaphases were analysed. Chromosomal aberrations are presented in accordance with the International System for Human Cytogenetic Nomenclature. 18 Interphase FISH analysis was performed on cytospin preparations from single cells isolated from frozen tumour tissue sections (n ¼ 55) or from available cytogenetic cells suspensions stored at À201 (n ¼ 22). FISH followed the previously published protocols. 19, 20 The status of the MALT1 gene was analysed using the LSI MALT1 Dual Color, Break Apart Rearrangement Probe (Vysis, Downers Grove, IL, USA) that consists a mixture of two DNA probes flanking the gene (the first probe, approximately B1040 kb in length and labelled in SpectrumGreent, lies upstream of the MALT1 gene and remains on chromosome 18 in case of a translocation of MALT1; the second, a B650 kb probe labelled in SpectrumOranget, contains sequences derived immediately downstream of the MALT1 gene and is translocated to the partner chromosome in case of a translocation involving MALT1). In normal cells, two fused or colocalised hybridisation signals of LSI MALT1 are seen while in case of MALT1-associated translocation one fused, one red and one green signal are observed. Cases with the latter FISH pattern were further investigated using IGH probes (SO-labelled RP11-11771 and SG-labelled RP11-312H5, kindly provided by T Poulsen, University of Copenhagen, Denmark) 21 and API2 (SO-labelled RP11-400E19/RP11-640G3 and SG-labelled RP11-315O6/RP11-10O13) (www.ensembl.org). The status of the BCL10 gene was analysed with a set of BAC clones flanking the gene (SO-labelled RP11-1080I/ 1RP11-40K4 and SG-labelled RP11-1077C10/RP11-36L4). In case with the BCL10 rearrangement pattern FISH with the IGH probes was applied to confirm the t(1;14)(p22;q32). Evaluation of FISH experiments was performed using a Zeiss Axioplan 2 fluorescence microscope (Zeiss, Zaventem, Belgium). In each experiment 200 cells were examined. The determined cutoff value for the detection of a rearrangement of MALT1, BCL10, IGH and API2 was 6% which is above the mean percentage of cells with a false-positive signal constellation plus 3SDs, as assessed on five lymphoid tissue samples without obvious abnormalities (three lymph nodes biopsies and two splenic biopsies).
Results
Immunohistochemistry
Analysis of the normal spleen and lymph node biopsies demonstrated a weak expression of the BCL10 protein, restricted to the cytoplasm of germinal centre cells and marginal zone cells; in contrast, no BCL10 expression was found in the lymphocytic corona. In none of the normal samples analysed, nuclear staining was observed. A positive BCL10 staining was found in 51 of the 77 MALT lymphomas (66%) while the remaining 26 cases (34%) were completely negative. Among the BCL10-positive lymphoma cases, five patterns of BCL10 expression could be recognised based on its subcellular localisation (Figure 1 ): an exclusive nuclear BCL10 expression (in nine of the 77 cases or 12%), a combined nuclear and cytoplasmic BCL10 positivity (in 22 of the 77 cases or 29%), a perinuclear BCL10 expression (in two of the 77 cases or 3%), a strong diffuse cytoplasmic BCL10 expression (in five of the 77 cases or 7%), and a weak diffuse cytoplasmic BCL10 expression (in 13 of the 77 cases or 17%). The latter staining pattern did not differ in any way from the BCL10 expression in germinal centre cells and marginal zone cells in control tissues and was therefore not considered to be abnormal.
Cytogenetics
Cytogenetic analysis was performed in 35 cases. In all, 24 cases showed chromosomal aberrations and these cases are listed in Table 1 ; five cases showed a normal karyotype and in the six remaining cases, analysis was unsuccessful (no mitosis). The most frequent abnormality, gain of chromosome 3 (whole or partial), was detected in 10 cases. Nine cases showed trisomy 18 (one with a sole þ 18, and four with a simultaneous þ 3). Translocations t(1;14) (p22;q32), t(11;18)(q32;q21) and t(14;18)(q32;q21) were observed in one, two and one cases, respectively. In four cases other translocations mediated by 14q32/IGH were identified. These translocations include t(3;14)(q27;q32) involving BCL6, t(1;14) (q21;q32), t(3;14)(p13;q32) and t(3;14)(p21;q32). Interestingly, in case no 19 two trisomy 18-positive cell clones, one with t(14;18)(q32;q21) and the second with trisomy 12 and 19, were detected.
FISH
In all, 10 of the 77 cases (13%) contained a significant percentage of nuclei with a signal constellation that indicates a breakpoint in the MALT1 gene locus ( Table 2 ). In eight of these cases, the t(11;18)(q21;q21) was confirmed by the dualcolour break apart probe for API2. From these t(11;18)(q21;q21)-positive cases, six were located in the gastrointestinal tract, while the two other cases arose in the lung and the parotid gland. In the remaining two cases with MALT1 rearrangement (both located in the lachrymal glands), MALT1 was affected by the t(14;18)(q32;q21) as shown by FISH with IGH probes. In 18 cases (23%) an increased number of fused MALT1 signals was found, possibly due to trisomy 18 (16 cases) or polysomy 18 (two cases). Interestingly, one gastric MALT lymphoma case displayed an amplification of the MALT1 gene present in eight to 10 copies per cell. The BCL10 rearrangement mediated by IGH was detected in only one case of a nasopharyngeal lymphoma. In total, 48 MALT lymphomas (62%) did not harbour any FISH detectable aberrations, neither of the BCL10 nor of the MALT1 genes. With the exception of tri-or polysomy 18, the BCL10-and MALT1-related genetic aberrations corresponded well with the BCL10 staining pattern: t(11;18)(q21;q21) and (1;14)(p22;q32) were marked by a, respectively, moderate to strong nuclear BCL10 staining pattern while t(14;18)(q32;q21)-positive MALT lymphomas were characterised by a perinuclear BCL10 staining pattern. However, nuclear (with or without cytoplasmic) BCL10 staining was not specific as it also occurred in eight cases with tri-or polysomy 18, and in 13 cases without detectable BCL10 and MALT1 abnormalities (Table 3) .
Discussion
We found an overall incidence of t(11;18)(q32;q21) of 10%, which is in line with other studies that analysed large series of MALT lymphomas for the presence of this translocation by means of FISH, RT-PCR or cytogenetics. [22] [23] [24] Gastric MALT lymphomas have been reported to feature the highest incidence of t(11;18)(q21;q21), with a frequency ranging from 17-48% depending upon the kind of study. 7, 8, [24] [25] [26] [27] In the present study, most t(11;18)(q32;q21) were detected in MALT lymphomas located within the gastrointestinal tract; of the 25 gastrointestinal MALT lymphomas, six cases (24%) harboured a MALT1 and BCL10 aberrations X Sagaert et al t(11;18)(q32;q21). Only two t(11;18)(q32;q21)-positive cases arose at other sites, being the lung and the parotid gland. The presence of the t(1;14)(p22;q32) was demonstrated in only one case (1%). The rarity of the latter genetic aberrance makes it very difficult to properly comment its anatomic site of preference, but lung, stomach, parotid gland and skin were described in sporadic case reports and some larger studies.
2,23,24,28,29
The t(1;14)(p22;q32)-positive MALT lymphoma in our study was located in the MALT1 and BCL10 aberrations X Sagaert et al nasopharyngeal sinus and to the best of our knowledge, this represents the first case arising at this site. Two of the 77 MALT lymphomas were characterised by t(14;18)(q32;q21), corresponding to an overall incidence of 3%. For a reason not clear to us, this is a much lower incidence as compared to the data published by Streubel et al 13, 23, 30 who documented the presence of t(14;18)(q32;q21) in 10% to 18% of all MALT lymphomas. Both t(14;18)(q32;q21)-positive MALT lymphomas in our series arose within the lachrymal gland, in line with reports that t(14;18)(q32;q21) is occurring in MALT lymphomas outside the gastrointestinal tract. 13, 23 In a previous study by our group performed on the same series of MALT lymphomas, 17 it was shown that only one case (1%), located in the stomach, displayed the recently described t(3;14)(p13;q32), in contrast to the high incidence (10%) and exclusively nongastric locations of FOXP1 gene rearrangements in MALT lymphomas as reported in the study by Streubel et al. 31 In analogy with t(14;18)(q32;q21), we cannot explain this striking difference in incidence but find these data worthwhile to report since it provides complimentary information to the study by Streubel et al about the incidence of t(14;18)(q32;q21) and t(3;14)(p13;q32) in MALT lymphomas.
Besides structural chromosomal abnormalities, 16 cases (21%) harboured the presence of three copies of the MALT1 gene, most likely due to trisomy 18 (confirmed by cytogenetics in eight out of 35 cases where cytogenetics were available), a genetic feature well known and described in nodal, extranodal and splenic marginal zone lymphomas. 28, 32, 33 Polysomy 18 was demonstrated in two cases including one with cytogenetically documented three copies of isochromosome 18q. MALT lymphomas with trisomy or polysomy 18 were mainly detected outside the gastrointestinal tract. One gastric MALT lymphoma was shown to have an amplification of the MALT1 gene, confirming the previous CGH results on this particular case. 14 In total, 28 of the 77 MALT lymphomas (26%) harboured an abnormality of the MALT1 gene, being either a structural abnormality (t(11;18)(21;q21) or t(14;18)(q32;q21)) or a numerical aberrance (trisomy or polysomy 18, or an amplification).
Of interest, the four aberrant BCL10 staining patterns found by immunohistochemistry corresponded well with the genetic findings. All eight t(11;18)(q21;q21)-positive MALT lymphomas (100%) displayed a nuclear presence of the BCL10 protein (with or without cytoplasmic BCL10 expression), suggesting that this altered subcellular BCL10 localisation is linked to the pathway induced by the API2-MALT1 fusion. However, the case with the most abundant nuclear BCL10 expression did not harbour a t(11;18)(q21;q21) but a t(1;14)(p22;q21), implying that a control of the BCL10 gene by the Ig enhancer does not only result in a deregulated BCL10 expression but also in an altered subcellular localisation of the protein as previously described.
5 Surprisingly, the two orbital MALT lymphomas with a t(14;18)(q32;q21) featured an unique immunohistochemical staining pattern, with the BCL10 protein being located and concentrated in a perinuclear area. A similar but less prominent perinuclear BCL10 localisation (in combination with nuclear BCL10 staining) was observed in the one gastric MALT lymphoma case displaying an amplification of the MALT1 gene without MALT1 rearrangement. We speculate that both t(14;18)(q32;q21) and MALT1 amplification lead to an increased cellular expression of the MALT1 protein, resulting in a perinuclear accumulation of the BCL10 protein.
Although 10 out of the 18 cases with trisomy or polysomy 18 showed an aberrant BCL10 expression, no correlation with a particular pattern was found. Of interest, while all t(11;18)(q21;q21)-and t(1;14)(p22;q32)-positive cases displayed nuclear (with or without cytoplasmic) BCL10 staining, the reverse cannot be said as nuclear BCL10 positivity was also observed in part of the cases with tri-or polysomy 18 and cases without detectable BCL10 and MALT1 aberrations. Finally, MALT lymphomas with no or weak cytoplasmic BCL10 expression 5 of the BCL10 gene play an important role in the abnormal subcellular localisation of the BCL10 protein associated with this malignancy. In contrast, our study supports the close interaction between the MALT1 and BCL10 protein in MALT lymphomas, as there is a clear correlation between the BCL10 staining pattern and the type of MALT1 rearrangement. Both BCL10 and MALT1 play a crucial role in the antigen receptor-signalling pathway leading to activation of NF-kB. [34] [35] [36] In vitro and in vivo experiments have shown that MALT1 physically associates with BCL10: this interaction involves the two Ig-like domains of MALT1 and a short stretch of amino acids that follow the CARD motif of BCL10. 37 In addition, it was demonstrated that MALT1 is synergistic with BCL10 to enhance NF-kB activation in both B and T cells, and that the oligomerisation and activation of MALT1 depends on BCL10. The latter is a possible explanation for the perinuclear localisation of BCL10 in MALT lymphomas with t(14;18)(q32;q21) or MALT1 amplification, as the abundantly expressed MALT1 might interact with BCL10 and stabilises it in the (perinuclear) cytoplasm, consequently leading to its accumulation.
Several lines of evidence support the hypothesis that MALT1 acts at the level of or downstream of BCL10 in the NF-kB-signalling pathway. In 2001, three groups independently identified CARMA1 (also known as CARD11 or BIMP1) as the upstream activator of BCL10; [38] [39] [40] it binds BCL10 through a CARD-CARD interaction hereby forming a ternary complex with both BCL10 and MALT1. The group of Gaide et al demonstrated that overexpression of BCL10 in vitro resulted in a diffuse cytoplasmic BCL10 staining pattern while CARMA1 showed a granular perinuclear staining; however, upon coexpression with CARMA1, most of the cytoplasmic staining of BCL10 disappeared and BCL10 now colocalised with CARMA1 to perinuclear structures. Interestingly, in our series, t(14;18)(q32;q21)-positive MALT lymphomas as well as the MALT lymphoma with MALT1 amplification were marked by a similar perinuclear localisation of the BCL10 protein. As such, it may be that not only the downstream component of MALT1 plays a role in the subcellular localisation of BCL10, but also the upstream protein of CARMA1. However, in view of the low number of cases with this perinuclear BCL10 pattern and the lack of actual localisation data on CARMA1 in our series (properly working antibodies are not commercially available yet), this remains very hypothetical.
Finally, presence of aberrant BCL10 expression found by immunohistochemistry is helpful in the diagnosis of MALT lymphomas and this finding might be an indication of an underlying genetic anomaly either involving the BCL10 or MALT1 gene.
